Abstract: 4-Deoxybostrycin is a natural anthraquinone compound isolated from the Mangrove endophytic fungus Nigrospora sp. collected from the South China Sea. Nigrosporin is the deoxy-derivative of 4-deoxybostrycin. They were tested against mycobacteria, especially Mycobacterium tuberculosis. In the Kirby-Bauer disk diffusion susceptibility test, they both had inhibition zone sizes of over 25 mm. The results of the absolute concentration susceptibility test suggested that they had inhibitory effects against mycobacteria. Moreover, 4-deoxybostrycin exhibited good inhibition which was even better than that of first line anti-tuberculosis (TB) drugs against some clinical multidrug-resistant (MDR) M. tuberculosis strains. The gene expression profile of M. tuberculosis H37Rv after
Introduction
Tuberculosis (TB) remains an international public health burden around the World. Current global estimates indicate that one third of the global population was infected with TB. In 2010 there were still 8.8 million new cases of TB, 1.1 million deaths from TB among HIV-negative people and an additional 0.35 million deaths from HIV-associated TB [1] . China has the largest population account for 20% of the world total. TB remains a big threat to this country. The report of the 4th National Epidemiological Sampling Survey of TB in China stated that the infection rate of TB in the country was 44.5% (about 550 million) [2] . Although currently available drugs kill most isolates of Mycobacterium tuberculosis, strains resistant to each of them have emerged, and multiply resistant strains are increasingly widespread, 500,000 of whom are multidrug-resistant (MDR) [3] . The growing problem of drug-resistance combined with the deadly link between TB and HIV infection underscore the urgent need for new anti-TB agents.
4-Deoxybostrycin ( Figure 1A ), a natural anthraquinone compound, was first isolated from the fungus Alternaria eichhorniae [4] . Its structure was identified by interpretation of spectral data [5, 6] . Nigrosporin ( Figure 1B ) is the deoxy-derivative of 4-deoxybostrycin. It was also a natural product which was first isolated from the fungus Nigrospora oryzae. Its structure was identified by interpretation of spectral data [7] . Recently we obtained 4-deoxybostrycin and nigrosporin isolated from the fungus Nigrospora sp. [8, 9] . It has been reported that 4-deoxybostrycin has various biological properties, including antibacterial [8] , phytotoxic [4, 10] , antimalarial [11] , and cytotoxic activities [8, 12] . However, its anti-mycobacterial activity is not well investigated.
In this study, we tested it and its derivative's anti-mycobacterial activity in vitro. We first screened and quantitated the anti-mycobacterial activity of the compound and its derivative with the Kirby-Bauer disk diffusion susceptibility test and the absolute concentration susceptibility test respectively. Then we detected the differential expression of M. tuberculosis genes after treatment with 4-deoxybostrycin by gene chips and confirmed the results with quantitative real-time polymerase chain reaction (qRT-PCR) experiments. 
Results and Discussion

Preparation of 4-Deoxybostrycin and Nigrosporin
4-deoxybostrycin and nigrosporin were isolated from the mangrove endophytic fungus Nigrospora sp. collected from the South China Sea as previously reported [8, 9] .
The In Vitro Anti-Mycobacterial Activity of the Compounds
The in vitro anti-mycobacterial activity of the compounds was first screened with the Kirby-Bauer disk diffusion susceptibility test. 4-Deoxybostrycin and nigrosporin showed an inhibition zone size of 30 mm and 27 mm, respectively, against M. bovis BCG in 4 weeks-cultivated Middlebrook 7H11 agar plates. Their minimum inhibitory concentration (MIC) values against a series of mycobacterial strains were also determined in Middlebrook 7H11 agar slants with the absolute concentration susceptibility test, and these were compared with commercial control drugs including streptomycin (SM), isoniazid (INH), rifampicin (RFP), and ethambutol (EMB). As shown in Table 1 , the two compounds both showed inhibitory effects against mycobacteria. Moreover, against two MDR M. tuberculosis clinical isolates K2903531 and 0907961, 4-deoxybostrycin exhibited a good inhibition, which even better than that of the first line anti-TB agents. 
4-Deoxybostrycin-Induced Alterations in Gene Expression in M. tuberculosis H37Rv
According to the study above, 4-deoxybostrycin exhibited a better anti-mycobacterial activity. To find out the differentially expressed genes after treatment with 4-deoxybostrycin and investigate the possible anti-mycobacterial mechanism of the compound at the gene level, we tested the differences of gene expression in M. tuberculosis H37Rv just exposed to 4-deoxybostrycin by using the M. tuberculosis cDNA microarrays which consists of 3,875 predicted open reading frames of the M. tuberculosis H37Rv strain (13) . Of all genes tested, 119 genes were significantly different in M. tuberculosis H37Rv exposed to 4-deoxybostrycin compared to untreated control. We found that 52 were significantly increased, and 67 were significantly decreased in the 4-deoxybostrycin treatment group. There were 46 functionally known genes, including 24 up-regulated genes and 22 down-regulated genes involved in nucleotide, lipid, energy, coenzyme, carbohydrate metabolism, information storage and processing, and other cellular processes (Table 2) . The tuberculosis cDNA gene chips employed in our study were based on the M. tuberculosis H37Rv gene sequence. The functions of these differentially expressed genes included nucleotide, lipid, coenzyme, and carbohydrate metabolism; energy production; information storage and processing; and cellular processes. Therefore, we conclude that 4-deoxybostrycin exerts its anti-TB function through multiple targets. We screened several differentially expressed genes from the compound. 4-deoxybostrycin successfully inhibited drug-resistant M. tuberculosis isolates, which allows for new study into the genes affected by the compound to promote the discovery of new anti-M. tuberculosis mechanisms and targets. Meanwhile, we can justify and predict the compound's toxicity and determine if there will be cross-resistance with other anti-TB drugs by examining the affected genes.
4-Deoxybostrycin-Induced Expression Changes of Some Genes Were Confirmed with qRT-PCR
Total RNA from M. tuberculosis H37Rv from either 4-deoxybostrycin-treated or untreated control cultures used for microarray experiments was converted to cDNA, and the expressions of 36 functionally known genes were confirmed with qRT-PCR. Gene expression was normalised with M. tuberculosis housekeeping genes. There were only six genes (Rv1518, Rv0282, gnd2, Rv3044
[fecB], Rv3673c, and Rv1372 [pks18]) that were significantly differentially expressed compared to untreated control cultures (Table 3) .
We performed qRT-PCR to verify the gene chips. The results showed that their consistency was just 12.3%, indicating that screening through gene chips involves high experimental error that necessitates further confirmation. This array consists of 3,875 predicted open reading frames of the M. tuberculosis H37Rv strain [13] . We identified six genes that were significantly differentially expressed compared to untreated control cultures. Gene product of Rv1518 is conserved hypothetical protein, possible glycosyl transferase involved in exopolysaccharide synthesis, was identified in the cell membrane fraction of M. tuberculosis H37Rv [14] . Gene product of Rv0282 is identified in the membrane fraction of M. tuberculosis H37Rv using 1D-SDS-PAGE and uLC-MS/MS [15] , and its function is not clearly understood. Rv3044, probable fecB, FeIII dicitrate-binding periplasmic lipoprotein (see citation below), identified in immunodominant fractions of M. tuberculosis H37Rv culture filtrate using 2D-LPE, 2D-PAGE, and LC-MS or LC-MS/MS [13] . Rv3673c, possible membrane protein, thioredoxin-like protein (thiol-disulfide interchange protein) [16] . Rv1372, conserved hypothetical protein, function of which is not clearly understood [17] . The present study provides a useful experiment basis for exploitation of correlative new drugs against TB and for finding out new targets of anti-mycobacterial therapy. 
Experimental
Preparation and Structure of 4-Deoxybostrycin and Nigrosporin
4-deoxybostrycin and nigrosporin were extracted from the fungal fermentation broth by solvent extraction method then purified through chromatography including silica gel column chromatography, ODS column chromatography and HPLC. All reagents and solvents used in experiments were commercially available. Melting points were measured on an X-4 micromelting point apparatus and were uncorrected. IR spectra were measured on a Bruker Vector 22 spectrophotometer (Bruker Corporation, Fremont, CA, USA) using KBr pellets. NMR spectra were determined on a Varian Inova-500 NB spectrometer or Bruker AV-400 NB spectrometer (Bruker Corporation) in CDCl3 or DMSO-d6 using TMS as internal standard, and coupling constants (J) are in Hz. EI mass spectra were recorded on a DSQ mass spectrometer and ESI mass spectra were obtained on a LCQ DECA XP LC-MS mass spectrometer. 
Bacterial Strains and Culture Conditions
The following mycobacterial strains were used in this study, There were two culture media used in our experiments including Middlebrook 7H9 (Bio-Rad, Richmond, CA, USA) and Middlebrook 7H11 (Bio-Rad). Middlebrook 7H9 broth was used for the cultivation of M. tuberculosis H37Rv to test the differential expression of genes in vitro. Middlebrook 7H11 was used for the cultivation of all mycobacterial strains in Kirby-Bauer disk diffusion susceptibility test (agar plate) or the absolute concentration susceptibility test (agar slant) to screen or quantify in vitro the anti-mycobacterial activity (including MIC) of the compounds.
The Kirby-Bauer Disk Diffusion Susceptibility Test
Bacterial suspension was prepared from 10-days old M. bovis BCG or other mycobacterial strain cultures grown on Middlebrook 7H11 agar slant, supplemented with 10% oleic acid, bovine serum albumin (fraction V), dextrose, and catalase (OADC; Remel, Lenexa, KS, USA) and 0.05% Tween 80. The turbidity of the suspension was adjusted to a McFarland no. 3 (9 × 10 8 CFU/mL) in sterile normal saline. The bacteria was spread on Middlebrook 7H11 agar plates, then discs with 100 g different kinds of compounds were placed on the plates. All plates were incubated at 37 °C for 4-8 weeks before measuring the diameter of the zone of inhibition of each chemical.
The Absolute Concentration Susceptibility Test
Middlebrook 7H11 agar medium was prepared and sterilized by autoclaving at 121 °C for 15 min. Sterilized medium was supplemented with 10% of sterile OADC at 55-60 °C. The final desired concentrations (100, 60, 50, 40, 30, 20, 15, 10 and 5 g/mL, respectively, or finer range between 0.1-60 g/mL) of chemicals were added to respective flasks and poured into 15 mL sterile screwcap plastic test tubes respectively. Upon solidification of medium and preparation of agar slant, the tubes, with or without chemical, were inoculated with 30 μL of 10-fold dilution (3 × 10 7 CFU/mL) of each mycobacterial strain's suspension equivalent to a McFarland 1.0 standard (3 × 10 8 CFU/mL). All the tubes were then incubated at 37 °C for 4-8 weeks. The slants were read when all the cultures had grown on the control slant. If there was no colony grown in the presence of the compound, the lowest concentration of the compound was considered as the MIC.
Determination of the Differential Expressed Genes by Gene Chips and qRT-PCR
RNA Isolation of M. tuberculosis H37Rv
Bacterial liquid from the Middlebrook 7H9 medium at log growth period was taken. The experimental group was treated with 4-deoxybostrycin at the final concentration of MIC concentration. The control group was treated with equal volume of solvent which was used to dissolve and dilute the compound. Both groups were incubated for 2 h at 37 °C and then harvested by centrifugation (6000 × g, 5 min). Pellets were resuspend in 95 °C preheated 200 μL MaxBacterial Enhancement Reagent (Invitrogen, Carlsbad, CA, USA) and incubated at 95 °C for 4 min, then transferred to 2 mL screwcap tubes containing 1 ml Trizol reagent (Invitrogen) and 0.5 mL of 0.1-mm-diameter glass beads. Cells were disrupted by strenuous vibration [18] . The RNA was extracted according to the Trizol manufacturer's instructions.
To remove residual DNA, samples were treated with Turbo DNAse (Ambion, Austin, TX, USA). The integrity of all RNA samples was checked by nondenaturing agarose gel electrophoresis, with RNA concentration quantified by spectrophotometry.
Preparation of Labelled cDNA of Bacteria for Gene Chips and Hybridization
cDNA was synthesized and fluorescently labelled by a direct procedure. The RNA was labelled by Cy5-dUTP in untreated control group and Cy3-dUTP in treated group respectively. After heating at 70 °C for 3 min and chilling on ice, the RNA was reverse transcribed. The labelled cDNA probes were then purified and concentrated using the MiniElute Cleanup kit (Qiagen, Valencia, CA, USA). The total purified cDNA probes were added to the arrays in a hybridization solution containing a final concentration of 5 × SSPE, 2% SDS, 5 × Denhardt's regent. The arrays were pre-hybridized with denatured salmon sperms DNA at 65 °C for 1 h and then were hybridized overnight at 65 °C, using roller bottles at 6 r.p.m. After removing the hybridized mixture, the chips were washed with preheated Panorama ® Microbial Array wash solution (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's instructions.
Microarray Data Analysis
Microarray slides were scanned using a Typhoon™ FLA 9000 Biomolecular Imager (GE Healthcare, Uppsala, Sweden). Images were processed and the fluorescent intensity of each spot was quantified using the ImageQuant TL v2005 software. Four independent biological replicates were analyzed for each compound group, one swap-dye experiment was included. Median intensity values were corrected by background subtraction. Further analysis was performed using SPSS software (version 16.0 for Windows; SPSS Inc., Chicago, IL, USA). Data was represented by the spot signal as a percentage of the total signal from all spots on the array. Cy5/Cy3 intensity ratios were determined using normalized values. For each gene, the geometric mean was calculated from the intensity ratios of the 2 replicates and the result value was used to determine differences in mRNA abundance between treated group and
